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Figure 9. Photographs of Upper Manifold Configurations
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SECTION III

F *SELINE AND PARAMETRIC DATA ON THE
YG. 3 SYSTEM WITH STANDARD AMPLIFIERS

Baseline system performance with the standard amplifiers installed on the YG1143 controller was
obtained over the temperature range 40° to 180°F. Figure 11 shows system gain as a function of
hydraulic fluid temperature. Performance is within the +20-percent band over the temperature
range from about 95° to 170°F. All gain data were plotted on a logarithmic scale so that a
+20-percent band is the same width at any location on the curve. Rate sensor gain plotted on this
same figure is relatively constant, indicating that one or more other components are responsible
for the large gain decrease at cold temperauure.

Figure 12 shows the gains of the preamplifier, capacitor, and output amplifier. Most of the gain
change occurs in the preamplifier. Negative feedback may have helped maintain a constant out-
put amplifier gain above 70°F; however, this gain also decreased sharply below 70°F. Gain across
the high-pass capacitor is more constant, and it increases slightly with colder temperature.

Figure 13 shows null offset as a function of temperature. Overall system output null offset re-
mained well within the +0.4-psid limit. The preamplifier null offset of 1.4 psid is relatively large
for an amplifier whose range is only about +2 psid at high temperature. Good null offset per-
formance at cold temperature can be largely attributed to the very low gains at cold temperature.
Rate sensor null offset is plotted on a scale that is expanded by a factor of 20 over that of the
preamplifier null offset. Although the rate sensor and preamplifier null offset curves appear
similar in shape, the magnitude of the rate sensor shift is much too small to cause the observed
preamplifier null offset. Note that the change in rate sensor null offset from 100° to 160°F was
0.032 psid, which at a nominal preamplifier gain of 10 would result in a preamplifier null offset
change of only 0.32 psid. Actual preamplifier null offset change over this temperature range was
1.85 psid, which is nearly six times as large as that expected from the rate sensor null offset
change.

Figure 14 shows the flow split between the primary sink, secondary sink, and amplifiers. An in-
crease in rate sensor primary sink flow results in an increase in rate sensor gain, whereas an in-
crease in secondary sink flow has very little effect on rate sensor gain. At cold temperature, an
increase in amplifier flow would result in a large improvement in amplifier cascade gain. In
Figure 14, the change in flow split between these components is opposite of that desired. Primary
sink flow and ampilifier flow decrease at cold temperature, and secondary sink flow increases.
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Maintaining a constant flow split would be an improvement, and it is desirable to increase both
primary sink and amplifier flow at the expense of secondary sink flow at cold temperature.
Reduced primary sink and amplifier flows at high temperature have an additional benefit of
reducing system noise under these conditions; however, if the amplifier flow is reduced too much,
output range will fall below the +2-psid requirement.

Figure 15, system frequency response, indicates that the desired transfer function was achieved as
a result of modifications to the baseline system. The effect of instrumentation transducers can be
noted by the increased attenuation and phase shift at the high-frequency conditions.

A series of tests was conducted on the baseline system with the standard amplifiers at 40°F to de-
termine the potential of flow split compensation. The data of Figure 16 was taken with the sec-
ondary sink blocked (valve Vg shown in Figure 5 closed). Valve V5 was adjusted to change am-
plifier flow over the range 0.755 in.3/sec to 0.978 in.3/sec. Because system total flow is maintained
constant by the flow control valve, rate sensor primary sink flow decreases when amplifier flow
increases. This decrease in primary sink flow had only a slight effect on rate sensor gain; however,
the resultant increase in amplifier flow greatly increased amplifier gain. There was no difficulty
in obtaining the desired system gain of 0.15 psid/deg/sec at the 40°F temperature condition.
The slope of the total system gain versus the amplifier flow curve is very high, indicating that
it may be difficult to accurately maintain the gain within the +20-percent tolerance at cold
temperature.

Additional parametric data was taken with the standard amplifiers to evaluate their potential for
compensation. Most fluidic amplifiers are sensitive to mass ratio, where mass ratio is defined as

Mass Ratio = total control port flow
power nozzle flow (4)

Direct measurement of mass ratio was impractical; however, a qualitative indication of mass
ratio was obtained by measuring control pressure level. Matching between the rate sensor and
preamplifier is a primary concern, as it affects loading on the rate sensor pickoff as well as mass
ratio to the amplifier. Compensation techniques that vary the flow between the rate sensor and
amplifier cascade will also vary the pressure levels between these components.

The techniques used to obtain the parametric data of Figure 17 can be understood by referring to
Figure 5. Flows Q1, Qg, and Q3 were held constant during these tests; if valve V3 was closed
slightly, valve V5 was opened to return Qg to its original value. Normal direction of signal flow is
from the rate sensor pickoff to the control ports of amplifier Aj, resulting in a positive mass ratio.
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Parametric Investigation (40°F)
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Figure 30. Coupling Element Modification.




SECTION VI
DEVELOPMENT TESTING

Development tests were performed on four compensation configurations. In all configurations,
standard amplifiers were used, the rate sensor restrictor, Ry, was removed, viscosity sensitive
elements were used in the secondary sink, and the number of rate sensor coupling elements was
reduced.

In Configuration one, six rate sensor coupling element discs with spacers and a secondary sink
with six parallel discs in series with five parallel discs were used.

In Configuration two, a viscosity sensitive restrictor was added in the amplifier return line to
reduce control pressure level and, thereby, improve mass ratio. Resistance of the secondary sink
was increased by reducing the number of discs to five parallel discs in series with four parallel
discs.

Configuration number three was the same as two except the adjustable restrictor in series with
R19 was used to decrease amplifier flow by about 4 percent.

In Configuration four, the number of rate sensor coupling elements was reduced to four, the sec-
ondary sink configuration of five discs in series with four discs was retained, and the viscosity
sensitive restrictor in the amplifier return line was removed.

Figure 31 shows system gain as a function of temperature for Configuration one. When compared
to the baseline system, Figure 11, this configuration has improved low temperature gain by a fac-
tor of 5. Rate sensor gain characteristics were also improved. Configuration one component gains,
Figure 32, show that the preamplifier gain (when compared to Figure 12) was improved the most.
Null offset variations, Figure 33, are substantial, and the upper peak coincides with dip in the
system gain curve. Most importantly, a comparison of Figure 34 with Figure 14 shows that the
changes in flow for the rate sensor primary sink, amplifier cascade, and secondary sink all vary in
the desired direction with respect to changes in fluid temperature.
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Effects of control pressure were discussed in Section III, and typical curves were shown in Figures

17 and 18. Additional parametric data on Configuration one was taken to better define the effects
of back pressure (control pressure level) on system gain. The data is presented in Figure 35. Note
that the normal operating control pressure level is the highest P, shown on these curves. It can
be seen that a reduction in control pressure level will improve low temperature gain while re-
ducing the high temperature gain to about 0.1 psid/deg/sec. A viscosity sensitive restrictor in the
amplifier return line would reduce P, more at cold temperature than at high temperature.

Configuration two incorporated a viscosity sensitive restrictor in the rate sensor return line. This
restrictor assembly is shown partially disassembled on the right side of Figure 10. System gain as
a function of temperature with this back pressure restrictor improved substantially at cold tem-
perature; however, the gain dropped off sharply at high temperature as shown in Figure 36. It was
observed during this testing that a decrease in amplifier flow at high temperature would result in
a higher gain.

Configuration three is the same as two with a 4-percent reduction in amplifier flow. Gain charac-
teristics of this configuration are shown in Figure 37. High temperature gain is excellent, but the
low temperature gain is degraded by the reduction in amplifier flow. More compensation is re-
quired to reduce amplifier flow at high temperature.Increasing the viscosity sensitive resistance of
the rate sensor branch should accomplish this improvement.

The number of coupling elements in the rate sensor was reduced from 6 to 4 in Configuration four.
It was also necessary to adjust Ry so that it would have the proper flow split at 120°F. The am-
plifier viscosity sensitive back pressure restrictor was also removed for these tests. Gain charac-
teristics of Configuration four are presented in Figure 38. The desired low temperature gain was
attained, and only the 180°F point was outside of the +20-percent band objective. Component
gains, Figure 39, indicate that the combined gain of the output amplifer and capacitor is nearly
constant. The preamplifier has a low temperature gain that is slightly higher than its high tem-

perature gain.

Configuration four’s preamplifier null offset (Figure 40) indicates that the high offset at 180 de-

grees was probably the major cause of the gain decrease.
Flow split as a function of temperature, as shown in Figure 41, was improved slightly as a result of

removing two rate sensor coupling element discs. Gain data indicated that further improvements

in flow split are not required.
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Figure 36. Configuration Two System Gain Characteristics.
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SECTION Vil
TESTING OF THE FINAL CONFIGURATION

The final configuration is essentially that of Configuration four. Changes in preamplifier nulling
and modifications in amplifier supply resistor R19, introduced during final configuration testing,

altered system characteristics slightly.
Investigations conducted on the final configuration were directed to:

¢ Determining the optimum preamplifier bias resistor configuration for minimum null offset
® Determining the cause of unusual performance at 180°F fluid temperature
* Determining system gain sensitivity to both flow and temperature

Maintaining a constant gain over the 40° to 180°F temperature range requires a reasonably stable
preamplifier null offset. Excessive preamplifier null offset, which occurs at some temperatures,
results in a decrease in system gain. Several previous temperature tests had to be aborted because
the null offset was excessive; a new null offset was adjusted into the system, and the entire test

was rerun.

A study was undertaken to improve preamplifier null offset. An x-y plotter was used to generate
curves of preamplifier null offset as a function of amplifier supply pressure and as a function of
control pressure level (mass ratio). In a systematic sequence of tests in which the bias resistors
were varied at 100°F, a dramatic reduction in null offset sensitivity to changes in both amplifier
supply pressure and control pressure level was accomplished. A summary of the preamplifier bias
configurations investigated and a qualitative evaluation of their performance is presented in Fig-
ure 42. Later testing showed, however, that this bias resistor configuration change had no effect in
improving preamplifier null offset as a function of temperature (Table 6). Note that with the
exception of the 140°F data, preamplifier null offset at each temperature is insensitive to changes
in system flow.

Unusual system performance was often observed at 180°F: gain sometimes increased, as shown in
Figure 11, and sometimes decreased, as shown in Figure 38. Additional tests were conducted at
180°F to define precisely system characteristics at 180°F. Amplifier flow and pressure are pri-
marily determined by orifice Ry9; however, pressure can be reduced further by closing off a vari-
able valve in the modified controller housing (Figure 10). Because the variable valve is sensitive
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TABLE 6. YG1i43 FLOW SENSITIVITY TEST DATA

System Preamplifier
Fluid Fluid Nominal System Null Null
Temperature Flow Flow _Gain Offset Offset
(°F) in.3/sec Point (psid/deg/sec) (psid) (psid)
40 2.341 0.031 -0.10 —-2.88
40 2.450 0.035 -0.12 -2.93
40 2.560 Nominal 0.043 —0.14 -3.05
40 2.674 0.053 -0.15 -3.09
40 2.786 0.063 -0.15 —-3.14
60 2.282 0.082 -0.20 —1.23
60 2.402 0.094 —0.32 —1.23
60 2.464 0.096 —0.23 -1.27
60 2.513 Nominal 0.102 =0.21 =127
60 2.564 0.105 —0.22 -1.30
60 2.626 0.108 -0.21 -1.30
60 2.743 0.115 —-0.20 -1.33
80 2.299 0.100 -0.10 —-1.00
80 2.410 0.109 —(0.10 —1.04
80 2.480 0.112 -0.10 ~1.08
80 2.529 Nominal 0.113 —0:12 =1.10
80 2.580 0.115 -0.10 —~1.13
80 2.649 0.119 —-0.08 ~1.15
80 2.761 0.124 —=0.05 —1.18 |
100 2.249 0.107 —0.04 -0.66
100 2.359 0.116 —0.01 -0.67
100 2.428 0.123 —0.00 —0.68
100 2.478 Nominal 0.103 -0.01 =0.67
100 2.528 0.136 -0.00 -0.65
100 2.599 0.143 +0.01 -0.62
100 2.710 0.158 +0.05 -0.45
140 2.240 0.128 +0.20 +0.94
140 2.360 0.111 +0.22 +1.50
140 2.430 0.094 +0.27 +1.93
140 2.480 Nominal 0.087 +0.28 +2.10
140 2.530 0.085 +0.29 +2.29
140 2.599 0.066 +0.33 +2.58
140 2.719 0.040 +0.35 +3.09
175 2.262 0.104 +0.30 +1.08
175 2.381 0.116 +0.35 +1.13 !
175 2.499 0.118 +0.42 +1.20 i
175 2.619 0.137 +0.40 +1.07
175 2.739 0.120 +0.40 +1.05




to viscosity, a smaller R19 was used and the variable valve was opened completely to eliminate its
viscosity sensitive resistance. The sequence of testing and results are summarized in Table 7. Ini-
tial testing at 180°F showed that system gain reached 0.12 psid/deg/sec when the amplifier supply
was 12 psid, and it decreased at lower pressure (gain reduced to 0.1 psid/deg/sec at 10 psid). In
Test Condition No. 2, the supply orifice was reduced to 0.030 inch in diameter and the amplifier
supply pressure was reduced somewhat more than desired to a level of 10.3 psid. Gain was expec-
ted to be about 0.08 psid/deg/sec under these conditions, but it was 0.14 psid/deg/sec. At Test
Condition No. two, the gain remained high even when the amplifier supply pressure was reduced
to 7 psid.

It was assumed that amplifier gain would be the same at a given supply pressure regardless of the
type of restrictor used to obtain the pressure. However, because of the system’s unusual perfor-
mance, it was suspected that some change had occurred when the upper manifold was removed
to change R19. Condition No. 3 was a repeat of Condition No. 1 to determine if the change was
repeatable. Performance at Condition No. 3 was identical to Condition No. 1. Results of the
complete series of tests (Table 7) strongly suggest that the shape or characteristic of the

TABLE 7. POWER SUPPLY TESTS AT 180°F

Preamplifier Nominal Gain
Test Supply Pressure at 180°F
Condition (psid) (psid/deg/sec) Comments
No. 1 12.5 Valve open, 0.10 as tested Gain at 180°F was low, and
Ri2 = 0.032 11 as tested. (0.12 psid/deg/sec decreased sharply as amplifier
at 12 psid) was reduced.

No. 2 10.3 Valve open 0.14 Gain improved at 189°F, and

R12 =0.030 (as tested) gain versus preamplifier supply
pressure was constant. There
is slight curvature in the out-
put gain curve.

No. 3 Same as 1 Same as 1 Same as Test Condition No. 1

R12 =0.032 performance.

No. 4 10.5 0.115 Good performance similar to

R12 = 0.031 Test Condition No. 2 except
Gain is slightly lower. Gain
versus preamplifier supply
pressure was very good.

No. 5 10.0 0.09 Similar characteristics as Test

R12 =0.029 Condition No. 1 but somewhat
better.




amplifier cascade power supply restrictor is significant in determining cascade characteristics,
even if the supply pressure remains unchanged.

Changes in null and gain due to the power supply distribution system were never considered
serious in previous development programs and, therefore, were not thoroughly investigated. The
prevailing theory is that power supply flow disturbances (double cell swirl combined with single
cell swirl) are the cause of both null offset and gain change. Flow straighteners at the power nozzle
inlet should correct this problem. Development is required to design an effective flow straightener
with minimum pressure drop, small size, and low cost. A long power nozzle such as used on the
L.D. amplifiers may be satisfactory under most conditions. Effects of power supply disturbances
(swirl) are most noticeable at high temperature, when the oil viscosity is too low to damp out
these disturbances.

Investigation of swirl was beyond the scope of this program but should be emphasized in future
development programs. Other problems such as temperature compensation, impedance match-
ing, noise, linearity, and response have been greatly diminished.

The objectives of the final series of tests on this program were to determine system sensitivity to
flow over the entire temperature range and to define requirements for an uncompensated flow

regulator for this system.

Characteristics of the final configuration of the modified YG1143 controller are summarized
below.

¢ Standard amplifiers used throughout.
¢ Rate sensor supply resistor, Ry, drilled out.

* Number of primary coupling elements reduced from 34 to 4. Spacers used to maintain
proper plate spacing.

* Secondary sink sharp-edged orifice, Rg, removed and replaced with a viscosity sensitive
resistor consisting of four parallel elements in series with five parallel elements.

* Amplifier power supply valve opened completely.

® An amplifier power supply resistor, Rq9, of 0.030 inch in diameter was used.
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¢ A preamplifier bias of the configuration shown in Figure 43.
¢ Flow control valve removed.

0.026

/ EXCELLENT NULL AS A FUNCTION
OF AMPLIFIER SUPPLY PRESSURE.
ouT NULL IS RELATIVELY INSENSITIVE
O_ O TO CONTROL PRESSURE LEVEL
CHANGES.
\/
A

0.022 0.016

Figure 43. Preamplifier Bias of the Final Configuration.

With the system flow control valve removed, total system flow was varied using an external valve.
Tests were performed over the temperature range 40° to 175°F, and flow was varied approxi-
mately +10 percent about the nominal flow that had previously occurred with the system flow
regulator installed. Test data is presented in Table 6.

Gain as a function of temperature for the nominal flow is shown in Figure 44. Gain is within the
+20-percent band over the temperature range 50° to 180°F, which is very close to the program
objective of +20 percent over the temperature range 40° to 180°F.

System gain as a function of total flow is plotted in Figure 45 for all six temperature conditions. A
system gain change of 5 percent per percent flow change at 40°F is less than anticipated, and it
improves to about 2 percent per percent flow at the higher temperatures. Both theory and expe-
rience indicate that system gain should increase with increasing flow. Gain characteristics at the
140°F condition are an exception; the cause was a large variable null offset. This 3-psid null
offset, given in Table 6, is nearly equal to the preamplifier output range at 140°F. (The 3-psid null
offset at 40°F is much less serious, as the amplifier output range is several times as high at the
cold temperature condition.) Because the 140°F negative temperature characteristic is not repre-
sentative of normal fluidic system performance, these data were not used in establishing the flow
regulator requirement.
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Figure 44. System Gain as a Function of Temperature - Final Configuration.
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S e i e

The flow regulator requirement was established to be +1 percent, the same as recommended in
Reference 2. Addition of temperature compensation did not substantially increase system sensi-
tivity to changes in flow. The uncompensated regulator used in this system is small, low cost, and
very reliable when compared with regulators that are required to schedule flow as a function of
temperature.

System output null, recorded during this final series of tests, is also included in Table 6. Output
null remained within the range of +£20 percent (+0.4 psid).

Output noise was always less than the +0.2-psid limit for the YG1143 controller. Compensation

techniques used on this program tended to reduce high-temperature noise, and low-temperature
noise was almost undetectable.
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SECTION VIII
CONCLUSIONS

This program established techniques for designing the proper impedaace characteristic into each flow
path of a system to provide gain compensation over the fluid temperature range of 40° to 180°F without
the use of additional compensation networks. Gain of the compensated system is relatively insensitive to
flow changes, making it practical to use a simple, low-cost, standard flow regulator. Compensation was
accomplished with an insignificant increase in the number and complexity of system parts. Cost and
reliability of the compensated hardware should be essentially the same as that for uncompensated
hardware.
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